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Abstract. Two optical fiber Mach-Zehnder interferometers were constructed in an environment with a 
temperature stabilization of better than 1 mK per day. One interferometer with a length of 2 m optical 
fiber in each arm with the main direction of the arms parallel to each other. A path (length 175 mm) 
filled with atmospheric air is inserted in one arm. Another interferometer with a length of 2 m optical fiber 
in each parallel arm acts as a control. In each arm 1 m of fiber was wound around a ring made of piezo 
material enabling the control of the length of the arms by means of a voltage. The influence of rotation 
of the interferometers at the Earth surface on the observed phase differences was determined. For one 
interferometer (with the air path) it was found that the phase difference depends on the azimuth of the 
interferometer. For the other one no relevant dependence on the azimuth has been measured. 

PACS. 03.30.+P Special relativity - 06.30.-k Measurements common to several branches of physics and 
astronomy - 42.25.Bs Wave propagation, transmission and absorption 
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1 Introduction 

At the end of the 19th century is was generally believed 
that first order experiments, where the effect depends in 
first order on the ratio v/c, where v is the velocity of the 
observer with respect to a preferred rest frame 1 and c is 
the speed of light in this frame, could not be used to de- 
tect this velocity. An explanation of this was the famous 
Fresnel ether drag, which would compensate any preferred 
rest frame effect, at least to first order. Recently, it has 
been argued by Cahill [3] and Consoli [4] that the Miller 
effect [5], together with all other Michelson Morley in- 
terferometer experiment results [6,7,8,9], could be caused 
by an absent of ether drag. This drag would depend on 
the difference of the refractive index of 1, which for at- 
mospheric air is approximately 3 x 1(V 4 , for atmospheric 
helium 4 x 10 -5 and for vacuum 0. This would also explain 
why modern-day vacuum experiments all give much lower 
limits for the anisotropy. Trimmer [10] did just such a mea- 
surement where he took a Sagnac type of interferometer 
and inserted a piece of crown glass (refractive index 1.5, 
length 120 mm) in one of the beams. He deduced from his 
experiment an anisotropy of less than 10 -10 for the first 
order and less than 2 x 10 -11 for the third order. However, 



1 This could be the frame defined by Newtons conception 
of absolute space, a distinguished frame of reference relative 
to which bodies could be said to be truly moving or truly at 
rest. A candidate for this is the Cosmic Microwave Background 
Radiation frame [1] . Otherwise it could be a local frame where 
light-speed anisotropy is due to the curvature of spacetime [2] . 



his experiment was performed in vacuum and was insen- 
sitive to second order effects. 

The present paper reports on an experiment where in one 
arm of a Mach-Zehnder interferometer a path of air was 
inserted introducing a possible difference in ether drag. 



2 Outline of the method 

The method is similar to the one described in [11]. With 
an asymmetric fiber Mach-Zehnder interferometer (see fig- 
ure 1) the light injected into a fiber by means of a laser 
is split into two equal and in phase parts by a 2x2 direc- 
tional coupler. These two light beams travel through two 
(parallel) fiber arms of the interferometer and are rejoined 
by a second 2x2 directional coupler. Depending on their 
mutual phase, the light beams interfere constructively for 
one output fiber and destructively for the other one or 
vice versa. The two outputs of the second 2x2 directional 
coupler are fed into two detectors where their intensities 
I\ and I2 are measured. The sum of the intensities is pro- 
portional to the laser output power. The difference of the 
two intensities relative to their sum is called the visibility, 
V. For an ideal interferometer the visibility would change 
between -1 and +1, depending on the phase difference, <j> 
of the light beams in the second directional coupler ac- 
cording to 



V 



h 



h 



(1) 



2 



Victor de Haan: Asymmetric Mach-Zehnder fiber interferometer test of the anisotropy of the speed of light 



He-Ne Laser 



: Polarising isolator 



Not connected 
input — 



Fiber stretcher 



Arm 



First directional coupler 



Detector 1 





Arm 2 



Detector 2 j Second directional coupler 



I Inner box 



Middle box 



I Laboratory environment and rotation table 



0.5 



Fig. 1. Configuration of the asymmetric Mach-Zehnder inter- 
ferometer. 



The phase difference is determined by the optical path of 
the light, while traveling along the fibers from the first 
directional coupler to the second one. This optical path 
depends on the length of the arms and the wavelength 
of the light moving through the fibers of the arms. The 
wavelength, A of the light depends on the speed of light 
in the fibers and hence on the refractive index, n of the 
fibers and (possibly) on the velocity and motion direction, 
v of the Earth relative to a preferred rest frame. Hence, 
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where §. denotes the line integral along arm i from the first 
directional coupler to the second one. The determination 
of the change in phase difference due to the motion of the 
Earth is the objective of this experiment. Further details 
on the measurement method are described in [11]. 



3 Experimental set-up 

Two interferometers were coupled by means of an addi- 
tional directional coupler to the same laser. One with its 
arms parallel to each other with a path of air inserted as 
shown in figure 1. Another with its arms parallel without 
air as a control. Any anisotropy in the speed of light should 
turn up in the first one and should cancel in the second 
one. The length of the fibers in the arms of the effect inter- 
ferometer was 2 m. The air path was 175 mm constructed 
by two fiberports (Thorlabs Inc. PAF-X-5) and a fiber ta- 
ble (Thorlabs Inc. FT-38X165). The length of the fibers 
in the arms of the control interferometer was 2 m. In one 
of the arms of the interferometers 1 meter long fibers were 
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Fig. 2. Visibility of both interferometers, (red) circles: control 
and (blue) dots effect) as function of the voltage applied to the 
fiber stretchers. 



inserted wrapped around a thin-walled cylinder made of 
piezo material acting as a fiber stretcher. The typical re- 
sponse of the fiber stretchers as function of applied voltage 
is shown in figure 2. The lines are cosine fits to the mea- 
sured points with a frequency of 0.329(2) rad/V and an 
amplitude of 0.393(2) for the stretcher in the control in- 
terferometer and 0.329(2) rad/V respectively 0.363(4) for 
the other one. The frequency corresponds to a change in 
the circumference of the cylinders of about 18 nm/V. The 
standard deviation in the measured visibility is almost 
as large as the symbols. Note that the visibility ampli- 
tude of both interferometers is quite different and much 
smaller than 1. Part of it is due to the reduced coherence 
of the laser light after joining in the coupler as the dif- 
ference in path is 1.00 m for the control and 1.18 m for 
the effect interferometer. It could also be due to trans- 
mission or polarization effects as discussed in [11]. The 
temperature control was the same as described in [11]. To 
find the effect of the laser frequency on the phase differ- 
ence of the interferometers, the laser was switched off and 
switched on again after a cool down period of one hour. 
It takes the laser some time to become stabilized again. 
During this warm up period the laser experiences regular 
mode changes, depending on the size of laser cavity. These 
mode changes of 0.565 GHz change the phase difference 
of the interferometers and are shown in figure 3. The laser 
was turned on and after 2 minutes the phase control was 
turned on. The visibilities then rapidly decrease to around 
and the phase difference is controlled by the stretchers. 
The visibility then becomes an error signal, indicating the 
accuracy of the controlled phase. Due to a time constant 
of the control of 1 s, rapid changes in phase difference cre- 
ate an error signal, which is used to change the voltage 
applied to the shifters. From this graph it is clear that 
both interferometers are extremely sensitive to a change 
in laser frequency. Even after a long time still some devi- 
ations occur. The extreme sensitivity is due to the length 
difference of the arms of the interferometer. The difference 
is at least 1 meter of fiber, increasing the effects described 
in [11] by at least a factor of 100. However, the ration 
between the phase difference of the control interferome- 
ter and the effect interferometer is constant (0.85). The 
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Fig. 3. Top: laser power as function of warm up time show- 
ing mode changes as changing intensities. Middle: Visibility of 
both interferometers (blue control and red effect, shifted with 
+0.5) during the same period. Bottom: Phase difference of both 
interferometers during the same period. 



black line shows the signal created by taking 0.85 times 
the phase difference of the control interferometer minus 
the phase difference of the effect interferometer. As long 
as the laser is stabilized the mode changes are less than 
10 MHz, and the above signal reduce the effect to negligi- 
ble proportions. 

The influence of the temperature on the phase difference 
has been determined by varying the temperature of the 
most inner container as a cosine with an amplitude of 0.02 
K and a period of 6 hours. The results are shown in fig- 
ure 4. The black line in the top graph shows the set-point 
temperature. The black circles and error bars represent 
the control temperature. The deviations are due to the 
limitations of the temperature control. The red dots rep- 
resent the temperature of the air inside the most inner 
box during the same time. At the start of the horizontal 
scale one can see the initial response of the temperature 
on the change in the set-point. Note that the amplitude 
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Fig. 4. Top: set-point (black line), control temperature (black 
circles) and air temperature (red dots) as function of time. Bot- 
tom: phase difference of interferometers: (red) circles effect and 
(blue) dots control during the same period as the upper graph. 
The phase oscillations due to the temperature oscillations are 
reproduced imposed on a linear drift of unknown origin. 



is larger and it reaches a maximum before the set-point 
temperature. This gives an indication that during these 
temperature effect measurements the temperature distri- 
bution in the inner box is not stable. The curves in the 
bottom graph show the corresponding oscillations of the 
phase difference of the effect interferometer (in red cir- 
cles) and for the other one (in blue dots). The oscillations 
correspond to a sensitivity to temperature variations of 
150 rad/K for the effect interferometer and for the other 
one to a sensitivity of 70 rad/K. These values are of the 
same order as can be estimated from the properties of 
the used fibers [11]. The difference between the two sen- 
sitivities is for only a small part due to the air path in 
the effect interferometer as will be shown later. An ex- 
tra linear decrease or increase in the phases as function 
of elapsed time is also observed. Here, for the effect in- 
terferometer, this change is somewhat larger than for the 
control interferometer. This is typical for all experiments 
done with these interferometers. 

The influence of the atmospheric pressure has been esti- 
mated to be of the order of 1 rad/mbar for 1 m of fiber [11]. 
The influence on the refraction index of air can be found 
by using Edlen [12]: 



{n(j>, T) - 1) x 10 8 



1.04126p 



1 + 0.003671 (T- 273.15) 
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where p is the pressure in bar, T the temperature in Kelvin 
and A the wavelength in nanometer. Hence, the phase dif- 
ference change in an interferometer arm of L = 175 mm 
length due to a change in temperature or pressure becomes 
according to eq. 2 for A = 633 mn: 



and 



Acj) » -1.5 rad/K, 



A(f> ks 0.45 rad/mbar. 



The atmospheric pressure was measured during the exper- 
iment with an accuracy of 0.05 mbar yielding a resulting 
error of 0.02 rad. The temperature was controlled to be 
constant within a standard deviation of 2 mK, yielding 
an absolute accuracy of 0.3 rad. It should be stressed that 
this is the standard deviation of the air temperature in the 
inner box during the complete measurement time of more 
then a month. Standard deviation for an hour measuring 
time were well below the measurement accuracy (0.5 mK). 



4 Results and discussion 

Finally, the set-up is rotated along a vertical axis to find 
out if there is an influence due to the velocity of the Earth 
in a preferred rest frame. Every 2 hours the set-up rotated 
from to -180 degrees, from -180 to +180 and from +180 
to with steps of 15 degrees. For degrees the path of air 
arms points to the local North. For 90 degrees it points to 
the local East. The longitude and latitude of the location 
of the interferometers on Earth are 4.7 degrees and 51.4 
degrees. At every step the phase of both interferometers 
is measured during 15 seconds to average out statistical 
variations. A complete rotation takes about 20 minutes. 
A typical response of the interferometers as function of 
angle is shown in figure 5. The top graph of this figure 
shows the angle of the set-up as function of time. At the 
bottom (blue) triangles show the phase difference of the 
control interferometer during the same period as the up- 
per graph. The phase difference of the effect interferometer 
is shown as (red) circles. The (black) dots are the effect 
signal corrected by subtracting 0.85 times the control sig- 
nal (and shifting it with a constant value to be able to 
compare it with the uncorrected effect signal). Note that 
the so corrected signal has less variation than the uncor- 
rected signal. The amplitude of the signal is approximately 
0.20 radians, larger than fluctuations due to temperature 
fluctuations. The change in the signal is clear and repro- 
ducible. In the graphs the phase oscillations due to the 
rotation of the set-up are clearly visible, again imposed 
on a drift of unknown origin. At first sight, it seems that 
this interferometer gives an indication that there might 
be some effect on the phase difference due to the motion 
of the Earth. However, if such an effect exists it should 
depend on the time of day and year. Upon rotation of the 
set up, the amplitude and azimuth of the maximum should 
vary between certain minima and maxima depending on 
the orientation of the Earth velocity with respect to the 
preferred frame as discussed by Miinera [13]. The Fourier 
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5. Top: angle of set-up as function of time. Bottom: open 
(red) circles: phase difference of effect; open (green) triangles 
control interferometer during the same period as the upper 
graph and closed (black) dots corrected phase difference again 
during the same period. 



transform of the phase difference (corrected for the lin- 
ear assumed drift) as function of rotation angle gives this 
amplitude and azimuth of the maximum phase difference 
for all orders. The zeroth order is just the average phase 
difference during a rotation. The first order represents the 
amplitude and azimuth of that part of the signal that 
varies with the cosine of the angle of the set-up, corre- 
sponding to first order effects in v/c. The second order 
represents the amplitude and azimuth of that part of the 
signal that varies with the cosine of twice the angle of the 
set-up, corresponding to second order effects, and so on. 
The error in the values can be estimated from the dif- 
ference between the Fourier transform of the data points 
measured for increasing set-up angles and the one mea- 
sured for decreasing set-up angles (to find the systematic 
error due to the unknown drift) combined with the Fourier 
transform of the variances (to find an estimate of the sta- 
tistical error). The amplitude and azimuth should vary 
with the sidereal time and epoch. 

The amplitude and azimuth of the maximum measured as 
function of sidereal time in the period from June 16, 2009 
and July 25, 2009 are shown in figure 6. There is no appar- 
ent fluctuation of the signal depending on sidereal time in 
any of the graphs. Hence, the conclusion is justified that 
the built asymmetric Mach-Zehnder fiber interferometer 
is not able to measure a sidereal effect on the anisotropy 
of the velocity of light on the Earth surface. 
When the first order signal of the interferometer with the 
air path is interpreted in a similar way as was done by 
Trimmer [10], the result would be that the first order am- 
plitude of the signal is less than 0.20(2) radians corre- 
sponding to 0.030(3) parts of a fringe. Using the simple 
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Fig. 6. Top: first (red) and second (blue) order amplitude of 
the signal of the effect interferometer as function of sidereal 
time. Bottom: first (red) and second (blue) order azimuth of 
the maximum of the same signal. For clarity reason the error 
bars have been omitted. They have approximately the same 
length as the spread in points. 



formula for the amplitude of the signal Acf> = 2ttL/Xv/c, 
derivable from Trimmer [10] the result is a maximum pos- 
sible velocity of 34(4) m/s. However, the validity of this 
simple formula is questionable. During the end of the 19th 
century and the start of the 20th century it was believed 
that all first order effects are completely compensated by 
the Fresnel drag. This was stressed during the conference 
on the Michelson Morley experiments held at the Mount 
Wilson Observatory in February 1927 [14]. The reason for 
this must be sought for in the Doppler effect [15], which 
renders the calculation of time differences useless when the 
wavelength of the light is not taken into account. If this is 
the case, the first order effects measured here are due to 
other influences. For instance, they can be due to phase 
shifts introduced by changing stresses during the rotation 
of the set-up. The set-up was carefully leveled, reducing 
the first order effect in the control interferometer as much 
as possible. Although this is an indication that the set-up 
is perfectly horizontal, it does not guarantee that stresses 
in the effect interferometer are also reduced to negligible 
proportions. 

Consoli [4] argues that Fresnel drag, together with Lorentz 
contraction, compensates first and second order effects for 
interferometers with arms in vacuum or with arms con- 
taining a transparent solid and/or liquid, but that for 
gaseous substances the Fresnel drag may be absent. The 
amplitude of the phase difference upon rotation due to 
the path of air is A(\> = 2ttL/X{\ — l/n^)v/c, where n a 
is the index of refraction of air (equation (3)). The maxi- 
mum first order effect extracted from this is 64(6) km/s, 



about twice the velocity of Earth in its orbit around the 
Sun. However, the azimuth of the maximum of the first 
order effect is in the North- South direction and does not 
depend on sidereal time, indicating that if the explanation 
of Consoli would be valid for the magnitude, it does not 
yield the direction in the experiment. This could be due 
to a large component of the velocity perpendicular to the 
orbital plane of the Earth around the Sun. Consoli's hy- 
pothesis could be tested further by exchanging the air by 
helium, reducing the effect by an order of magnitude. 
The average amplitude of the second order effect in the 
measurements reported here is 0.012(2) rad, resulting in 
a maximum velocity of 25(4) km/s when using A(f> = 
2irL/\(v/c) 2 . This is somewhat higher than the results 
obtained from all previous Michelson-Morley type inter- 
ferometer experiments, but its comparable to the first 
order effect calculated according to Consoli. The upper 
limit of the third-order signal measured by Trimmer [10] 
is 2 x 10~ n = k(v/c) 3 , where k is of the order of 1. Taking 
k = 1 this indicates a maximum velocity of 80 km/s, well 
above the limit established here. 



5 Conclusions 

The two optical fiber interferometers built in a tempera- 
ture controlled environment enable the determination of 
frequency, temperature and pressure effects on the phase 
difference of the interferometer arms. 
Upon rotation of the interferometers around a vertical axis 
in one of the interferometers, an oscillation in the phase 
difference as function of the azimuth of the set-up is ob- 
served. With regard to the measurement accuracy, this 
oscillation is constant. Analysis of the signals of the inter- 
ferometers show that the fiber optical asymmetric Mach- 
Zehnder interferometer built, is unable to detect a sidereal 
variation in the anisotropy of the velocity of light at the 
Earth surface. The origin of the observed oscillations in 
the signal upon rotation in the laboratory are not identi- 
fied with certainty and are subject to further future ex- 
ploration. 

It is questionable that calculations of travel-time differ- 
ences could yield correct first order predictions for phase 
difference in interferometers. 
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